Livestock keepers in sub-Saharan Africa face a growing range of pressures, including climate 26 change, land loss, restrictive policies, and population increase. Widespread adaptation in 27 response to such pressures can lead to the emergence of new, non-traditional typologies of 28 livestock production.
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In 2009, during one of the most severe droughts in living memory, up to 90% of livestock in 74 some areas of northern Tanzania died [11] . Changing systems of land tenure, including the 75 conversion of previously communal land to private ownership or wildlife conservation, further 76 contribute to reduced availability of grazing land [12] [13] [14] [15] [16] . Livestock keepers in East Africa are 77 therefore having to adapt to rapidly changing circumstances. Examples of adaptation include 78 the adoption of non-traditional livestock species [17, 18] , new ways of rearing livestock [19] , and 79 the diversification of livelihood profiles in semi-arid areas away from livestock-focused 80 production (i.e. pastoralism) toward mixed livestock and crop agriculture [20, 21] . The extent of 81 these changes and their implications for the characteristics and distribution of 'traditional' 82 systems of livestock production in countries undergoing rapid social, economic, and 83 environmental change warrants continued examination.
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In northern Tanzania, three traditional typologies of livestock production (or livestock production 85 systems) have existed for several centuries [22, 23] . These systems of production can broadly 86 be described as 'pastoral', 'smallholder', and 'agro-pastoral' . While there has been substantial 87 geographic and social overlap between systems, and their boundaries often hard to define [22] , 88 each has traditionally been linked to particular environmental conditions and ethnic groups.
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Pastoral systems have been found in the semi-arid, rangeland areas of northern Tanzania and 90 historically dominated by Maasai ethnicities, with less populous groups such as the Barabaig 91 also present. This production system has traditionally relied primarily (but not exclusively [22] ) 92 on livestock production, utilising long distance movements in response to variable rainfall 93 patterns in an agriculturally marginal environment as a dominant risk-management strategy.
94
Complex social organisation and systems of mutual support in response to the wide range of 95 potential hazards that are present in these environments (including frequent droughts and 96 livestock disease) have long been a feature of these communities [22] . Smallholder farming 97 systems, by contrast, have traditionally been found on the high soil fertility slopes of Mount 98 Kilimanjaro, Mount Meru and the Pare mountains. Here, members of ethnicities such as the 99 Chagga, Meru, and Pare have reared typically small numbers of livestock that are integrated 100 closely with intensive cash and subsistence crop production [23] [24] [25] . Agro-pastoral systems in 101 northern Tanzania have also traditionally involved mixed crop and livestock agriculture but have 102 typically been found in more marginal areas. While crop production has generally made the 103 largest overall contribution to household livelihoods [26] , large herd sizes with varying levels of 104 mobility have allowed agro-pastoral farmers to also maximise the productivity of available 105 grassland areas [4, 27] . Agro-pastoral production in the region has historically been practiced 106 by groups such as the Arusha and Iraqw, with the former having maintained particularly close 107 social, cultural, and economic relationships with pastoral communities [23, 28] .
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In light of livestock keeper adaptation to changing conditions in northern Tanzania, it is 109 uncertain the extent to which these three broad typologies still characterise livestock production 110 systems in the region. An evaluation of current characteristics of livestock production, and the 111 classification of the production systems that exist in northern Tanzania, can contribute to the 112 design of system-specific programmes that can support a range of livestock-based livelihoods 113 [6, 29] . It can also provide the basis for monitoring further change in these systems [6, 29, 30] 114 and for identifying vulnerabilities to current and future hazards. 213
Classification of livestock production systems

214
We used a data-driven approach to classify households into livestock production systems, 215 which we define here as groups of households sharing the same or similar production 216 characteristics [41] . Classification followed two stages. First, we performed dimension reduction 217 using multiple factor analysis (MFA) on a selection of characteristics considered to represent 218 variation between livestock-keeping households in the study area. Second, hierarchical cluster 219 analysis (HCA) was performed on the output from the MFA (i.e. on a set of uncorrelated 220 variables) with households grouped such that the within-group variability in household 221 characteristics was minimized while between-group variability was maximized. The resulting 222 clusters of households were interpreted to represent distinct and distinguishable livestock 223 production system categories present in the study area at the time of the study. Table 2 and 3. 274
Multiple factor analysis 275
The percent contribution of each domain to explaining variation between households for the 276 first two factors derived from the MFA is shown in Figure 2 . The first factor (i.e. Dimension 1) 277 explained 14.1% of the total variation, the second factor (Dimension 2) explained 6.3%, with all 278 remaining factors each explaining less than 5%. The percent contribution to the inertia of the 325
Hierarchical cluster analysis
326
The HCA procedure resulted in three distinct clusters. The overall score on Factor 1 and 2 for 327 study households and their membership of each cluster is shown in Figure 4 . On the basis of 328 the scree plot, the first five factors were included in the clustering procedure (see 329 Supplementary Materials). The composition of each cluster in terms of continuous 330 characteristics is described in 
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(1), Rangi-(1), Sandawe-(3), and Sukuma-(1) headed households were in this cluster.
366
The mean, median and percentage values of most contributing variables in this cluster of 367 households tended to fall between those for Clusters 1 and 3, with some exceptions. This 368 cluster of households tended to be in areas with higher average vegetation cover and higher 369 average proportion of local forest cover than those in Clusters 1 and 3. Households in this 370 cluster were less likely than those in the other two clusters to have a government title for their 371 land. Most households in this cluster reported growing crops in the past 12 months, with 372 households growing cowpeas, millet, sesame, sorghum, and wheat most likely to be found in 373 this cluster, as were households owning pigs and co-grazing cattle with small stock. Levels of 374 livestock vaccination against any disease were lowest in this cluster. Households in this cluster 375 were found in areas with the highest median pig population density. They were least likely to 376 report consuming meat over the past 3 days. This was the largest cluster (Table 2) .
377
Cluster 3: Households in this cluster tended to be closer to a main road and to have lower time 378 to travel to a market centre than those in the other two clusters. crop losses or land loss over the past 12 months. This was the smallest cluster (Table 2) .
398
The proportion of households in each village assigned to each of these three clusters is shown 399 in Figure 5 . In seven villages, all households were members of Cluster 
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Our data analysis identified three clusters of households representing three distinct livestock 429 production systems. The ethnic and production characteristics of these household clusters fit 430 closely into the three traditional typologies of livestock production in northern Tanzania. These 431 are pastoral (cluster 1), agro-pastoral (cluster 2) and smallholder (cluster 3) production 432 systems. Our principal findings are therefore that the traditional livestock production systems 433 that have existed in northern Tanzania for centuries continue to persist in the region, and that 434 the analytical methods used herein complement more qualitative data categorization methods.
435
While we find no evidence that new typologies of livestock production have emerged, there 436 have been changes in production practices within existing systems. Our findings also reveal 437 heterogeneity in a range of indicators of vulnerability between different production systems that 438 point to inequalities in household health and welfare in northern Tanzania.
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There has been a tendency, particularly reflected in livestock and land use policies, for pastoral 440 communities to be viewed as static and resistant to change [46] . In reality, pastoral production 441 systems are characterized by their ability to respond to highly changeable environments [47] .
442
Here, we reveal widespread adoption of non-traditional forms of production within this system, 
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A number of limitations should be considered when interpreting our findings. Households were 545 selected from a limited number of villages, and villages in urban areas were excluded from the 546 sampling procedure. Livestock production occurs in urban areas of Tanzania and tends to be 547 characterised by small scale, intensive zero-grazing production of cattle and small ruminants 548 that could be expected to fall into the smallholder classification. The proportion of households 549 that were categorised as smallholder was smaller than those in the other systems. With a larger 550 sample, greater diversity within the smallholder system may have emerged, potentially 551 including the classification of distinct typologies. In particular, while zero grazing practices were 552 common in the smallholder system, relatively few households reported ownership of European 553 breed dairy cattle or the sale of milk. Hence, greater sampling in smallholder settings, including 554 in villages classified as 'urban' may have revealed a distinct typology involving high yielding 555
European breed cattle kept exclusively for commercial purposes. In addition, we collected only 556 limited information on household livelihood activities outside of crop and livestock production, 557 or the relative contribution of each to household revenues. While we included a wide range of 558 household level characteristics, and the resulting clusters reflect expected and sensible 559 groupings of livestock-keeping households with these characteristics in this region of Tanzania, 560 dimension reduction and hierarchical clustering approaches are sensitive to input data. We 561 therefore cannot rule out that the inclusion of a wider range of household level variables than 562 were available to us may have resulted in a different number of clusters, or clusters with 563 different general characteristics. A further limitation is that all livestock keeping households 564 included in this study were those who attended the central point sampling event. There is 565 therefore the potential for selection bias if characteristics of households made them more or 566 less likely to attend with their animals. This may be particularly important for those households 567 in the smallholder sector, where zero-grazing (i.e. continual housing) of animals was most 568 commonly reported. Finally, while not necessarily a limitation, we would caution that the 569 production systems we describe here represent those in northern Tanzania, and "smallholders", 570 "agro-pastoralists" and "pastoralists" may have different characteristics in other parts of the 571 country and internationally. Future studies that use a similar approach to that described here 572 to classify livestock production systems in other geographic areas would provide further 573 understanding of the diversity of livestock production that exists in Tanzania.
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Previously reported classification systems have commonly used knowledge-based systems, 575 such as expert opinion, in order to classify large geographic areas according to the dominant 576 livestock production system [4, 30, [81] [82] [83] [84] . The resulting classification systems have made 577 important contributions to priority-setting, but their regional, continental or global focus has 578 meant that they typically have limited resolution at smaller spatial scales. Here we show that 579 data-driven approaches performed on the types of data variables that are commonly collected 580 in questionnaire-based surveys, can provide a valuable tool with which to characterise and 581 classify livestock keeping households. We show that such an approach can allow the diversity 582 of livestock production that can exist within small areas, including within a single village, to be 583 described.
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